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ABSTRACT
The technical approach and progress achieved under the Polymer Optical Interconnect Technology (POINT)
program are described in this paper. The POINT program is a collaborative effort among GE, Honeywell, AMP,
AlliedSignal, Columbia University, and University of California at San Diego (UCSD), sponsored by DARPAIETO,
to develop affordable optoelectronic packaging and interconnect technologies for board and backplane applications.
Specifically, progress [1 ,2] is reported on (a) development of a plastic VCSEL array packaging technology using
batch and planar fabrication, (b) demonstration of high-density optical interconnects for board and backplane appli-
cations using polymer waveguides to a length of 50 cm at an 110 density of 250 channels per inch, (c) development
of low-loss optical polymer waveguides with loss less than 0.1 dB/cm at 850 nm, and (d) development of passively
alignment processes for efficient coupling between a VCSEL array and polymer waveguides. Significant progress
has also been made under the POINT program at Columbia University, in applying CAD tools to simulate multi-
mode-guided wave systems and, at UCSD, to assist mechanical and thermal design in optoelectronic packaging. Be-
cause of space limitations, these results will be described elsewhere in future publication.
INTRODUCTION
The development of optical interconnect technology using fiber optics in the 1970s was a cornerstone of the
modern telecommunication industry. Replacing copper cables with optical fiber provides superior performance for
wide-data bandwidth, reduced noise, and low loss. It also significantly reduces the cost of communication in dol-
lars/bit/km. Optical interconnects not only provided the infrastructure critical to the explosive growth of telecom-
munication that followed, but also paved the way for the information industry to flourish today. On the other hand,
progress in inserting optical components and interconnects into digital systems has been hindered by the relatively
high cost of optoelectronic components and module assembly, by the lack of a flexible transmission medium that
can be planar-processed for board-level applications, and by the lack of a packaging platform that can be used for
both optical and electronic devices. For practical purposes, the cost/performance benefit does not justify the use of
optical technology within a digital computer system at a clock frequency much below 1 GHz.
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In recent years, the increased complexity required for electrical wiring solutions used for high-speed, high-
density, cross-platform interconnects have become more costly. It is common that the data transfer rate in distrib-
uted computing systems, interactive multimedia, high-speed ATM switching, and network communication exceeds
gigabits per second in today's applications. The need for a cost-effective wide-band interconnect solution for high-
speed data communication between chips, modules, board, backplane, cabinets, and processors is becoming more
critical than ever.
Recently, there have been significant advances in optical materials, devices, and packaging technologies which
make optical interconnect technology a viable wide-band option to be deployed in computer systems for short-haul
data communication. These emerging enabling optoelectronic technologies include, (a) vertical cavity surface
emitting laser (VCSEL) devices and low-cost VCSEL packaging; (b) polymer-based optical waveguide and fiber
materials, and (c) low-cost micro-optical components, connectors, and related micro-fabrication processes. These
new optoelectronic materials and devices can be handled, processed, and packaged much like IC devices using
planar fabrication and batch processing—a critical requirement for low-cost, large-volume manufacturing [3].
In this paper, the recent technical progress developed under the POINT program is described. The goal of the
POINT program is to develop affordable optoelectronic packaging and interconnect technologies for board and
backplane applications. Specifically, our discussion covers several major development in, (a) a batch-fabricated
plastic VCSEL packaging technology which is compatible with standard planar fabrication used in low cost IC
manufacturing, (b) passive alignment techniques for efficient coupling of a VCSEL array to polymer waveguides to
reduce the recurrent cost in OlEpackaging, (c) low-loss optical polymer waveguides for board and backplane appli-
cations, with losses less than 0.1 dB/cm at 850 nm, and (d) an optical backplane using polymer waveguides to dem-
onstrate high-density (250 channels per inch) and high-speed (3 Gb/s) optical interconnects.
PLASTIC MODULE PACKAGING FOR VCSEL ARRAYS
VCSEL represents a major advancement of the active optical component critical to interconnect applications for
short-haul data communication. Since 1992, significant advances in the VCSEL technology reported at Honeywell
[4], UCSB [5], and elsewhere have demonstrated superior device performances: low driver currents (<1 mA), low
driver voltages (<2 V), low threshold currents (<10 pA), high device speeds (>1 GHz), uniform device charactens-
tics over the array, high device yields (98%), and good device reliability. More significantly, the surface-emitting
devices like VCSEL are fabricated using the planar processes similar to those used in the CMOS device-a crucial
element that makes CMOS achieve a cost/performance advantage surpassing all other device technologies [3].
However, before stickers with a "VCSEL Inside" logo appear on every computer, high-performance and low-cost
packaging technology is required to make VCSEL devices compatible with the standard electronic assembling proc-
ess.
To develop a cost-effective VCSEL packaging solution for board-level applications in computers, it is advanta-
geous to leverage the existing electronic assembling technology and use common packaging substrates and die at-
tachment methods. The common die attachment methods such as flip-chip require solder reflow, impose thermal
and mechanical constraints for incorporation of optical devices. The extra alignment step required for the optical
device further makes it difficult to adopt these packaging methods in manufacturing. In addition, to take full advan-
tage of bandwidth and channel density available in optical interconnects, packaging of VCSEL devices must pro-
vide high density, small size, and high speeds, with low electrical crosstalk. These high-performance, high-speed,
and low-cost requirements impose significant challenges.
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The planar hybrid integration electronic module packaging and high-density interconnect technology developed
at GE is an attractive packaging solution for VCSEL [6]. Tn essence, this packaging technology extends monolithic
wafer-scale interconnects to first-level packaging by hybrid integration; all interconnects are fabricated using planar
processes, and multichip modules are built in batch. This hybrid integration approach allows a mix of different
types of device technologies, e.g., silicon and GaAs, to be packaged on a common substrate, either ceramic or plas-
tic. This monolithic hybrid interconnect technology has been implemented with single-chip and multichip module
packaging for digital, analog, and microwave applications in both military and commercial systems. This module
packaging technology has demonstrated high-density and high-speed charateristics, with the small footprint neces-
sary for board and backplane applications.
In the POINT program, we have applied this packaging technology to fabricate optical transmitter and receiver
array modules. Figure 1 shows a simplified flow chart for the process used in module fabrication in which a flexible
polyimide film is first prepared and mounted on a panel with electrical interconnects fabricated on both sides of the
polyimide film. After the circuit is completed, a pick-and-place machine is used to attach the die components that
include VCSEL and receiver arrays, and driver and amplifier chips. Appropriate shims were attached to the die to
provide the ground contact and compensate for variation in die thickness. This is followed by encapsulation using
epoxy molding to form a rigid structure after baking. Then the final metal interconnects are completed by laser
processing to form contact vias and pattern resist, followed by a thin-film metallization process that includes sput-
tering, electroplating, and back-etching. Figure 2 shows a panel made of multiple modules after the completion of
the electrical interconnects. Electrical lines fabricated in this process are impedance-controlled to any desired values
for minimizing reflection noise, and parasitic capacitance is minimized. The panel can then be diced into single
modules. Figure 2 shows the cross section of an individual module.
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Fig. 1. The process flow of plastic module fabrication.
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Fig. 2. Cross section of a module.
A transceiver module built for the optical backplane link test in a PGA package is shown in Figure 3 . The trans-
ceiver module includes a 10-channel VCSEL array transmitter, a 10-channel receiver array, and two silicon ASIC
chips that include drivers, muxldemux chips, and a post-amplifier, designed and developed at Honeywell Technol-
ogy Center.
+¶ •
Fig. 3 . A transceiver module built for the optical backplane link test in a PGA package.
PASSIVE ALIGNMENT OF VCSEL TO WAVEGUIDES
A low-cost alignment solution suitable for manufacturing of optoelectronic components and subsystems has been
a major challenge. In the POINT program, we have devoted a significant effort to develop a viable alignment tech-
nique for passive attachment of a multichannel, multimode waveguide to a VCSEL array. In the course of this de-
velopment, several passive alignment techniques have been evaluated, including the adaptive placement of align-
ment pedestals using a pick-and-place machine, laser-trimmed polymer alignment pedestals, fabrication of the
pedestals using laser-direct patterning of photosensitive polymers, and fabrication of the alignment pedestals di-
rectly on the VCSEL chip.
A generic passive alignment process, developed at AMP, employs a high-precision excimer laser system to
adaptively micromachine the alignment structures, as discussed below. In this process, a precision excimer laser mi-
cromachine is used to fabricate the precision alignment pedestals on the module. A precision laser micromachine
system is used to produce alignment features with an accuracy of a few micrometers, which is sufficient for placing
a multimode waveguide with a core dimension of 60 jim. The monolithic hybrid integration packaging method
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discussed above provides a planar module surface, which lends itself to the placement and attachment of a planar
waveguide like Polyguide directly on top of transmitter andlor receiver modules using passive alignment. However,
developing a technique for passive alignment of a multichannel waveguide simultaneously to two separately placed
and attached chips presented a quite challenging task to us.
In AMP' 5 approach, a precision laser micromachining system was used to fabricate precision passive alignment
features into a 250 jim polymer film, which was placed onto the top surface of the transceiver module. The passive
alignment features were made in reference to the lithographically defined fiducials on the VCSEL and the receiver
arrays. In the process, the lithographically defined fiducials on the die were referenced with an automatic pattern
recognition system and passive alignment pedestals were laser micro-machined into the polymer films and the re-
maining polymer films were removed leaving the laser defined pedestals as shown in Figure 4. In this approach, the
waveguides are incident normal and butt-coupled to both array devices. Once the alignment pedestals were in place,
the bifurcated waveguide with a glass support structure was aligned and bonded to the substrate as shown in Figure
5. The waveguide is terminated with a modified MT ferrule on the transceiver end and placed into a custom trans-
ceiver housing as shown in Figure 6. A final transceiver assembly housed with an MPX connector port is shown in
Figure 7
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Fig. 4. Passive alignment pedestals are laser micromachined into the polymer films, and the
remaining polymer films removed, leaving the laser-defined pedestals on the module surface.
Fig. 5 . Once the alignment pedestals are in place, the bifurcated waveguide with a glass
support structure is passively aligned and bonded to the module.
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Fig. 6 . The waveguide is terminated with a modified MT ferrule on the transceiver end
and placed into a custom transceiver housing.
Fig. 7. A final transceiver assembly is housed with an MPX connector port.
PLANAR POLYMER WAVEGUIDES
Low-loss silica-based optical fiber and edge-emitting lasers were the key enabling technologies that brought the
fiber optics revolution to long-haul telecommunication. The development of VCSEL arrays, together with low-loss
planar polymer waveguides, could play a similar role in bringing optical interconnects to the circuit board level. Re-
cently, there have been several prontising polymeric materials developed with very low intrinsic optical losses in the
near IP: spectral range. Planar optical waveguides fabricated using these polymeric materials have shown a loss of
lessthanO.l dB/cmatO.85 jim.
Among these polymeric materials, PolyguideTM waveguide, an acrylate-based polymer developed by DuPont, has
shown excellent layer quality and thickness control [7]. Both single-mode and multimode planar waveguide devices
have been fabricated using a photolithography and lamination process. Under the POINT programs, multi-channel
waveguides were fabricated using Polyguide connected to MT-type connectors, plastic molded miniature connectors
that have gained popularity as array connectors used in optical interconnect. MT-type connectors can be used for
TMPolyguide is a trademark of E.I. du Pont de Nemours & Company, Inc.
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both fiber and waveguide ribbons, thus providing an ideal interface for waveguide-to-fiber interconnect. Since the
waveguides are photo-patterned, the polymer used as an optical medium provides the flexibility for making fan-in
and fan-out transitions that can not be done with the rigid silica fiber. An optical backplane interconnect structure
using Polyguide to a length of 50 cm has been developed at AMP as the backplane testbed, and the result is de-
scribed in the next section.
Another class of acrylate-based polymers has been developed at AlliedSignal [8]. This polymeric material has an
optical loss measured at less than 0. 1 dB/cm at 0.85 jtm. Single-mode waveguide devices of a few micrometers in
size, as well as multimode waveguides and microstructures of several hundred micrometers in size, have been fabri-
cated using photopatteming and/or laser-direct writing. This material also has high contrast; as a result, structures
can be fabricated with steep side walls, a useful feature for making waveguide-to-fiber interfaces. The SEM photos
shown in Figure 8 demonstrated the unique capabilities of this polymer material for fabricating a variety of micro-
optical structures. Using this polymer, optical backplane interconnects have been fabricated that consist of 200-
channel waveguide arrays, with individual waveguide dimensions of 50 pm x 50 pm and a 100-pm pitch (corre-
sponding to a total width of cm). Structurally, these devices are symmetric (PET used as the cladding layers) de-
vices to a length of 9-in.-long backplane strips. The end faces of these backplane strips were machined and optically
tested. Figure 9 shows a section of the top view, imaged through the PET cladding layer of the backplane
waveguides.
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Fig. 8. Scanning electronic micrographs show the unique capabilities of the optical polymer developed at
AlliedSignal for fabrication of a variety of micro-optical structures, including (clockwise from the top left) a la-
ser-fabricated multimode waveguide terminated by cleavage, a laser-defined multimode guide with a vertical end
facet, a mask-produced 1 x2 single-mode power splitter, and a waveguide with a fiber gripper for waveguide-to-
fiber coupling.
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Fig. 9. A section of the top view, imaged through the PET cladding layer of the backplane waveguides.
Four optical backplane waveguide strips were built and tested. The waveguide losses were measured by launch-
ing input light from an 840 nm LED into a single mode fiber. The average loss per unit length for each device, in-
cluding the standard deviation, for all four devices was approximately —0.085 dB/cm, and the typical standard de-
viation is approximately 6%. The results demonstrated a high degree of reproducibility in the fabrication process.
The loss per unit length (corrected for Fresnel loss) is shown in Figure 10 for all 550 measured waveguides in the
graph below.
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Fig. 10. The loss per unit length for all 550 measured waveguides (corrected for Fresnel loss).
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A third type of polymer with low optical loss in IR is polyetherimide [9]. This material exhibits low optical
losses at 0.85 tm and at 1 .3 tm, and is a commercially stable material with excellent dielectric properties for
printed circuit board ap,plications. A waveguide structure developed jointly by GE and Honeywell uses an available
polyetherimide, Ultem"—an engineering thermoplastic with good temperature and mechanical properties—as the
core material, and benzocyclobutene (BCB) as the cladding material. Optical waveguides have been fabricated us-
ing RIE with a loss —M.3 dB/cm at 0.85 pm [10].
ifiGil-DENSITY BACKPLANE OPTICAL INTERCONNECTS
State-of-the-art electrical backplane interconnects have a pin density of about 100 pins per board edge inch at a
bandwidth less than 0.5 GHz. At a signal-to-ground ratio of 1 : 1, as typically required in high-speed systems, the ef-
fective pin density is reduced to 50 signal lines per board edge inch. As speed and number I/O increase, the inter-
connects from board-to-board and frame-to-frame in the backplane become the bottleneck. Deployment of an optical
backplane could provide a much higher I/O density with reduced crosstalk [1 1,12,13].
In the POINT program, AMP has developed a prototype optical backplane structure to demonstrate high-density,
high-speed interconnects using polymer waveguides to interconnect two daughter cards through a backplane. An
expanded beam approach using a holographic lens and a nonexpanded beam approach using direct direction have
been designed and evaluated. Figure 1 1 shows a nonexpanded beam backplane-to-daughter-card interconnect. The
dimensions of these waveguides are a 50- x 50-jim core on a 1 00-jim pitch.
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Fig. 1 1 . A non-expanded beam backplane-to-daughter-card interconnect developed at AMP.
®Ultem is a registered trademark of General Electric Company.
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A fully assembled and tested board-to-board optical interconnect is shown in Figures 12 and 13, taken from a
tilted and side view, respectively. Figure 14 shows a planar view of the backplane interconnect structure, which in-
eludes the following components:
. A section of "Y" bifurcated waveguides connecting to a 10-channel transmitter and 10-channel receiver array,
respectively, with a total length of 5.2 cm,
. A straight jumper section with 10-channel waveguides at 250 jtm pitch (length 1 0 cm),
. A Hydra connecting to six MT connectors, each with 10-channel waveguides at 250 jtm pitch (5.7 cm),
. A section ofbackplane with 100 tm pitch, with 60 channels out of a total of 144 channels used (8.4 cm),
. A Hydra connecting to six MT connectors, each with 10-channel waveguides at 250 tm pitch (5.7 cm),
. A section of straightjumper with 10 waveguides at 250 jtm pitch (10 cm), and
. Another "Y" branch with bifurcated waveguides connecting to the transmitter and receiver arrays (5.2 cm).
The interconnect structure included a Polyguide section with a total length of 50 cm, a pair of MT connectors,
and two super-MT interfaces. An average total loss of 16.3 dB and a standard deviation of 1 dB were measured. A
preliminary high-frequency test setup using an external source is shown in Figure 1 6, in which a test source with an
output of—ito 0 dBm was modulated at 3 Gb/s, with an HP7 1 603B pattern generator. The test source has a 5O-jtm
graded index fiber pigtail, terminated in an FC connector. The connector was mated to a FC/MPX breakout cable.
An identical FC/MPX breakout cable was used to bring the light output to the detector, an HP83487A OlE con-
verter. The signal at the receiver was typically —14 to —16 dBm, including losses in the various connector interfaces.
The length of polymer waveguide employed in the backplane in the test was about 20 cm. A typical eye diagram at
3 Gb/s is shown in Figure 15.
Fig. 12. A fully assembled and tested board-to-board optical interconnect developed at AMP (tilted view).
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Fig. 13. A fully assembled and tested board-to-board optical interconnect developed at AMP (side view).
Fig. 15. A typical eye diagram at 3 Gb/s through a 20 cm section of the backplane using an external test source.
Fig. 14. A planar view of the backplane interconnect structure developed at AMP.
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CONCLUSIONS
In this paper, we report the recent progress made under the POINT program to develop affordable optoelectronic
packaging and interconnect technologies for board- and backplane-level optical interconnect applications. The pro-
gram is a collaborative effort among GE, Honeywell, AMP, AlliedSignal, Columbia University and UCSD, spon-
sored by DARPA/ETO and managed by AFWL.
Under this program, we demonstrated a plastic VCSEL array packaging technology that is fully compatible with
planar fabrication and operated in batch. To reduce recurrence cost in optoelectronic packaging, several passive
alignment processes have also been developed for efficiently interfacing a multichannel waveguide to VCSEL and
receiver arrays. Polymer waveguides with a loss less than 0.1 dB/cm at 850 nm have been demonstrated under this
study, and various interfacing schemes between a polymer waveguide and VCSEL arrays have been developed.
A prototype backplane test structure was developed to demonstrate high-density and high-speed interconnects
using polymer waveguides and MT connectors. The test structure has 144-channel multimode waveguides, with 50-
im cores at a l00-j.tm pitch. A preliminary backplane test employing external sources at 3 Gb/s per channel was
demonstrated over a section of 20-cm-long polymer waveguide backplane.
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